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Abstract: Recent neuroimaging studies have investigated the neural substrates involved in the val-
uation of supraliminally presented targets and the subsequent preference decisions. However, the
neural mechanisms of the valuation of subliminally presented targets, which can guide subse-
quent preference decisions, remain to be explored. In the present study, we determined whether
the neural systems associated with the valuation of supraliminally presented faces are involved
in the valuation of subliminally presented faces. The subjects were supraliminally and sublimi-
nally presented with faces during functional magnetic resonance imaging (fMRI). Following fMRI,
the subjects were presented with pairs of faces and were asked to choose which face they pre-
ferred. We analyzed brain activation by back-sorting the fMRI data according to the subjects’
choices. The present study yielded two main findings. First, the ventral striatum and the ventro-
medial prefrontal cortex predict preferences only for supraliminally presented faces. Second, the
dorsomedial prefrontal cortex may predict preferences for subliminally presented faces. These
findings indicate that neural correlates of the preference-related valuation of faces are dissociable,
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INTRODUCTION

Recent neuroeconomic evidence regarding making pref-
erential choices has suggested that value signals are first
assigned to each option and that these value signals are
subsequently compared [Glimcher, 2009; Kable and
Glimcher, 2009]. This value-related processing is sup-
ported by the ventral striatum (VS) and the ventromedial
prefrontal cortex (vmPFC) [Bartra et al., 2013; Camille
et al., 2011; Chib et al., 2009; Hare et al., 2008; Knutson
et al., 2007, 2005; Lebreton et al., 2009; McNamee et al.,
2013; Pessiglione et al., 2008; Wunderlich et al., 2012].
These brain areas are thought to represent the value sig-
nals of the available options that predict subsequent pref-
erences, regardless of the different stimulus types. For
example, many previous studies have explored the neural
mechanisms that underlie value-related processing associ-
ated with facial attractiveness [Aharon et al., 2001; Bray
and O’Doherty, 2007; Cloutier et al., 2008; Ishai, 2007;
Kampe et al., 2001; Kranz and Ishai, 2006; O’Doherty et al.,
2003; Oikawa et al., 2012; Scheele et al., 2013; Tsukiura and
Cabeza, 2011; Ueno et al., 2014]. Other studies have used
various behavioral measures such as pleasantness [Kim
et al., 2011; Lebreton et al., 2009], likeableness [Izuma and
Adolphs, 2013; Izuma et al., 2010; Kitayama et al., 2013;
Plassmann et al., 2008], desirability [Lebreton et al., 2012],
and willingness-to-pay (WTP) [Chib et al., 2009; Plassmann
et al., 2007, 2010] to calculate the subjective value that sub-
jects assign to their preferences. Despite differences in the
types of behavioral measures, these studies have repeat-
edly demonstrated a domain-general contribution of the
VS and vmPFC to the representation of subjective value.

Notably, these two brain areas engage in value-related
processing even when subjects perform tasks that are irrele-
vant to the valuation [Kim et al., 2007; Lebreton et al., 2009].
For example, Lebreton et al. [2009] demonstrated that the VS
and vmPFC encode value signals associated with subsequent
preference decisions not only when subjects perform a valua-
tion task but also when subjects perform an age-rating task.
These findings indicate the existence of an “automatic brain
valuation system,” that is, a system that is automatically
engaged in valuation and guides subsequent preferences
regardless of whether the subjects are required to make a
value judgment.

In addition to the VS and vmPFC, more recent studies
have extended the role of the automatic brain valuation
system and have identified the critical contribution of the
dorsomedial prefrontal cortex (dmPFC) using a passive
exposure paradigm [Levy et al., 2011]. The dmPFC auto-

matically performs the preference-related valuations even
when participants passively view consumer goods [Levy
et al., 2011] and their attention to the targets is distracted
[Tusche et al., 2010]. Thus, the VS, vmPFC, and dmPFC
might encode target value signals, which are then avail-
able for subsequent preference decisions even if no active
valuation task is required for the targets.

From a psychological perspective, our preferences can be
affected by subliminally presented targets [Karremans et al.,
2006; Kunst-Wilson and Zajonc, 1980; Murphy et al., 1995].
For example, in a study by Karremans et al. [2006], partici-
pants engaged in a visual detection task in which they were
asked to search for a small “b” among a string of capital
“B”s while being subliminally presented with drink brand
names. After the task, the subjects performed a binary choice
task for the previous subliminally presented drink brand
names. The subjects who were thirsty chose the drink brand
that was subliminally presented more frequently rather than
the alternative drink brands that were not presented. More-
over, other psychological studies have demonstrated that
multiple repetitions of the subliminal presentation of targets
such as irregular octagons and Chinese ideographs enhance
the likeability of targets (i.e., the subliminal mere exposure
effect) [Kunst-Wilson and Zajonc, 1980; Monahan et al.,
2000]. Thus, specific neural mechanisms are likely involved
in the valuation of subliminal targets; furthermore, these
mechanisms guide preference decisions.

One potentially critical player in the process of represent-
ing value signals and guiding preference decisions for sub-
liminal targets may be the VS. In fact, recent neuroimaging
studies have implicated the VS in the reward-related proc-
essing of subliminal stimuli [Oei et al., 2012; Pessiglione
et al., 2008]. In a study by Pessiglione et al. [2008], subjects
performed a subliminal instrumental conditioning task dur-
ing functional magnetic resonance imaging (fMRI) in which
they were randomly presented with masked stimuli fol-
lowed by a monetary reward and other masked stimuli fol-
lowed by a monetary loss. The subjects subsequently
exhibited a preference for the masked stimuli followed by a
monetary reward. Additionally, VS activity was increased
for the masked stimuli followed by a monetary reward com-
pared with the masked stimuli followed by a monetary loss.
Therefore, the VS encodes the subliminally presented stimuli
values. Oei et al. [2012] used a backward-masking procedure
in which subjects were subliminally presented with a sexual
stimulus or a neutral stimulus followed by a backward
mask. The authors identified significant VS activation during
the presentation of sexual stimuli compared with neutral
stimuli.
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The second candidate region in the process of represent-
ing value signals and guiding preference decisions for
subliminal targets is the dmPFC. Tusche et al. [2010] inves-
tigated the neural responses to unattended products and
demonstrated that the dmPFC activity patterns predicted
consumer choice even when the subjects did not pay atten-
tion to the products, suggesting the important role of the
dmPFC in implicit value processing, which predicts the
subject’s choice. Gillath and Canterberry [2012] sought to
more directly identify the neural systems associated with
the processing of supraliminally and subliminally pre-
sented sexual stimuli using a sandwich-masking para-
digm. They identified significant activation in the frontal
regions, including the dmPFC, following the subliminal
presentation of sexual stimuli compared with neutral stim-
uli; however, whether dmPFC activity can predict subse-
quent preference remains unclear.

Thus, the main purpose of the present study was to clar-
ify the specific brain regions responsible for the valuation
of subliminal and supraliminal targets. Specifically, we
aimed to determine whether the VS, vmPFC, and dmPFC
are associated not only with the valuation of supralimi-
nally presented faces but also with the valuation of sub-
liminally presented faces. The second purpose was to
determine whether the activity in these regions could pre-
dict preference decisions. Although the previously cited
studies have demonstrated that the VS and dmPFC can
represent the value signals of imperceptible targets,
whether these regions directly contribute to subsequent
preference decisions remains unclear. To address these
issues, we used fMRI and a binary forced-choice paradigm
to more clearly identify the neural correlates of the
preference-related valuations of supraliminally and sub-
liminally presented faces (Fig. 1).

MATERIALS AND METHODS

Participants

Twenty-eight healthy, young volunteers (14 females and
14 males; age range, 20–23 years; mean age, 21.6 years)
with no history of neurological or psychiatric disease were
compensated for their participation in this study. No path-
ological findings in the participants’ brains were identified
by MRI. All subjects were right-handed, as assessed by the
Edinburgh Handedness Inventory [Oldfield, 1971], and
had normal or corrected-to-normal vision. After being pro-
vided a detailed description of the study, the subjects pro-
vided their written informed consent in accordance with
the Declaration of Helsinki and the guidelines approved
by the Ethical Committee of Tohoku Fukushi University.

Stimuli

We recruited 120 male and 120 female volunteers to
pose for headshot photographs. To avoid a situation in

which the subjects who participated in the fMRI experi-
ment were acquainted with the individuals whose faces
were used as the experimental stimuli, we collected these
photographs in the Hokkaido prefecture, which is distant
from our laboratory. The volunteers were informed that
the pictures would only be used for research purposes,
and all volunteers provided their written informed con-
sent. The photographs were captured using a DMC-LX2
digital camera (Panasonic, Japan) with flash and a resolu-
tion of 1920 3 1080 pixels. All volunteers were asked to
present a neutral facial expression and to look directly into

Figure 1.

Illustration of the passive viewing task during fMRI scanning and

the choice task following fMRI. (A) In the passive viewing task,

each trial comprised the sequential presentation of a fixation

cross, a forward mask (500 ms), a face photograph (2000 or 34

ms), and a backward mask (166 ms). The subjects were asked

to fixate on the center of the screen and to press the button as

soon as possible when the fixation cross appeared following the

backward mask. (B) In the choice task, the subjects were pre-

sented with pairs of face photographs that had been presented

during the passive viewing task and were asked to choose the

face photograph that they preferred.
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the camera. All images were subsequently downloaded
onto a computer and edited using Adobe Photoshop CS
5.1 and Adobe Illustrator CS 5.1 to produce greater uni-
formity across the photographs. The images were then
transformed into grayscale. The mask image was con-
structed from the overlays of six upright and six inverted
images of three males and three females whose photo-
graphs were not used for the experimental stimuli. A sepa-
rate group of 14 healthy volunteers (7 females and 7
males; age range, 18–20 years; mean age, 19.0 years) who
did not participate in the fMRI study used a 10-point scale
to rate the 240 grayscale face photographs regarding pleas-
antness, emotional valence, arousal, and age. Prior to the
initiation of the fMRI experiment, only the pleasantness
score was used for the stimuli selection: the mean scores
for pleasantness were independently ranked for the male
and female photographs. For each group, the photograph
ranked “n” (n 5 1–60) was paired with the photograph
ranked “n 1 60.” These 60 pairs of male and 60 pairs of
female photographs were used in a choice task following
fMRI. The other rating scores were used to examine the
characteristics of the stimuli for each experimental
condition.

Experimental Design

The experiment comprised three tasks: a passive view-
ing task during fMRI (Fig. 1A), a choice task following
fMRI (Fig. 1B), and a gender-discrimination task after the
choice task. For the passive viewing task during fMRI, all
240 face photographs were individually presented in a
random order (Fig. 1A). Following a fixation cross, a for-
ward mask, a face stimulus, and a backward mask were
presented in sequence. The stimuli were presented using
MATLAB (MathWorks, Natick, MA, USA) and Cogent
Graphics (http://www.vislab.ucl.ac.uk/cogent.php) soft-
ware packages. The forward and backward masks were
presented for 500 and 166 ms, respectively. The presenta-
tion duration of the face stimulus was 2,000 ms for half of
the stimuli (“supraliminal” condition) and 34 ms for the
other half of the stimuli (“subliminal” condition). The
stimuli assigned to each condition were counterbalanced
across the subjects. The interstimulus interval, during
which the cross-fixation was constantly presented, ranged
from 4000 to 10,000 ms to maximize the efficiency of the
event-related design [Dale, 1999]. The passive viewing task
was divided into three consecutive runs, each of which
lasted approximately 11 min. The participants were asked
to fixate on the center of the screen and to press the button
as soon as possible after the appearance of the fixation
cross, which followed the backward mask.

During the choice task following fMRI, the subjects were
presented with the 120 pairs of face photographs side by
side and were asked to choose the face photograph that
they preferred by pressing one of two buttons (Fig. 1B).
The subjects performed this choice task while inside of the

scanner to maintain the conditions associated with viewing
the face stimuli. The face stimulus that was ranked “n”
and was presented for 2000 ms in the passive viewing task
was paired with the face stimulus that was ranked
“n 1 60” and was presented for 2000 ms in the passive
viewing task. Similarly, the face stimulus that was ranked
“n” and was presented for 34 ms in the passive viewing
task was paired with the face stimulus that was ranked
“n 1 60” and was presented for 34 ms in the passive view-
ing task. Although the two photographs selected for com-
parison as pairs were fixed, the pair presentation order
was randomized across the subjects. The positions of the
two photographs on the screen were counterbalanced
across the subjects.

To confirm that the subjects could not perceive the iden-
tity of the face stimulus presented for 34 ms in the passive
viewing task, they were asked to perform a gender-
discrimination task after the choice task. This gender-
discrimination task was performed in a self-paced manner
while inside of the scanner. In this task, 120 face photo-
graphs were individually presented in a random order.
Similar to the passive viewing task, following the fixation
cross, the forward mask, face stimulus, and backward
mask were presented in sequential order. The forward and
backward masks were presented for 500 and 166 ms,
respectively. The duration of face stimulus presentation
was the same as for the subliminal condition of the pas-
sive viewing task (34 ms). After the backward mask, the
subjects were asked to determine whether the face repre-
sented a female or male.

Image Acquisition

Whole-brain imaging was performed using a 3.0-Tesla
MRI scanner (MAGNETOM Verio, Siemens, Germany)
equipped with a 12-channel head coil array for signal recep-
tion. A T2*-weighted echo planar imaging (EPI) sequence
sensitive to blood oxygen level-dependent (BOLD) contrast
was used for functional imaging with the following parame-
ters: repetition time (TR) 5 2500 ms; echo time (TE) 5 30 ms;
flip angle 5 90�; 80 3 80 acquisition matrix; field of view
(FOV) 5 240 mm; in-plane resolution 5 3 3 3 mm; and 43
axial slices, with a slice thickness of 3 mm and an interslice
gap of 0.5 mm. We used a tilted acquisition sequence at 30�

to the anterior commissure-posterior commissure (AC-PC)
line to recover the magnetic susceptibility-induced signal
losses that resulted from the sinus cavities [Deichmann
et al., 2003]. A high-resolution (spatial resolution 1 3 1 3

1 mm) structural image was also acquired using a T1-
weighted, magnetization-prepared rapid-acquisition gradient
echo (MP-RAGE) pulse sequence. Each subject’s head
motion was restricted using firm padding surrounding the
head. The visual stimuli were presented on a screen
mounted on a head coil through a projector outside the
scanner room. The subject’s responses were collected using
a magnet-compatible response box. The EPI images were
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acquired in three consecutive runs. The first four scans in
each run were discarded to allow for T1 equilibration effects.

Image Preprocessing

Data preprocessing and statistical analyses were per-
formed using Statistical Parametric Mapping (SPM) 8 soft-
ware (Wellcome Department of Imaging Neuroscience,
London, UK). All volumes acquired from each subject
were realigned to correct for small movements that
occurred between scans. This process generated an aligned
set of images and a mean image per subject. The realigned
images were subsequently corrected for the different slice
acquisition times. Each participant’s T1-weighted struc-
tural MRI was coregistered to the mean of the realigned
EPI images and segmented to separate the gray matter,
which was normalized to the gray matter in a template
image based on the Montreal Neurological Institute (MNI)
reference brain (resampled voxel size 3 3 3 3 3 mm).
Using the parameters from this normalization process, the
EPI images were subsequently normalized to the MNI
template and smoothed using an 8-mm full-width, half-
maximum Gaussian kernel.

Statistical Analyses

The fMRI data were analyzed using an event-related
model. For each participant and on a voxel-by-voxel basis,
the hemodynamic response to the stimulus onset for each
event type was modeled via convolution using a canonical
hemodynamic response function with temporal deriva-
tives. We analyzed brain activity patterns during the pas-
sive viewing task by back-sorting the fMRI data according
to the subjects’ responses during the choice task. The
experimental conditions comprised the following: (1) the
male-supraliminal-preferred condition, in which the male
face photographs were presented for 2000 ms in the pas-
sive viewing task and were chosen in the choice task fol-
lowing fMRI; (2) the male-supraliminal-not-preferred
condition, in which the male face photographs were pre-
sented for 2000 ms in the passive viewing task and were
not chosen in the choice task; (3) the female-supraliminal-
preferred condition, in which the female face photographs
were presented for 2000 ms in the passive viewing task
and were chosen in the choice task; (4) the female-
supraliminal-not-preferred condition, in which the female
face photographs were presented for 2000 ms in the pas-
sive viewing task and were not chosen in the choice task;
(5) the male-subliminal-preferred condition, in which the
male face photographs were presented for 34 ms in the
passive viewing task and were chosen in the choice task;
(6) the male-subliminal-not-preferred condition, in which
the male face photographs were presented for 34 ms in the
passive viewing task and were not chosen in the choice
task; (7) the female-subliminal-preferred condition, in
which the female face photographs were presented for 34
ms in the passive viewing task and were chosen in the

choice task; and (8) the female-subliminal-not-preferred
condition, in which the female face photographs were pre-
sented for 34 ms in the passive viewing task and were not
chosen in the choice task. The events for which no
response was provided were modeled as events of no
interest. Because our primary purpose was to identify the
brain regions associated with the valuation of supralimi-
nally or subliminally presented faces, we collapsed the
results across the gender of the face stimuli in our main
analysis. Thus, we analyzed the following four conditions:
the supraliminal-preferred condition, in which (1) and (3)
were combined; the supraliminal-not-preferred condition,
in which (2) and (4) were combined; the subliminal-
preferred condition, in which (5) and (7) were combined;
and the subliminal-not-preferred condition, in which (6)
and (8) were combined. A high-pass filter of 1/128 Hz
was used to remove low-frequency noise, and an autore-
gressive (AR) (1) model was used to correct for temporal
auto-correlations.

ROI Analyses

To assess whether the previously discussed brain regions
are associated with the valuation of both supraliminally
and subliminally presented faces, we performed region of
interest (ROI) analyses for the VS, vmPFC, and dmPFC.
ROIs of the VS (i.e., the nucleus accumbens) and the
vmPFC (i.e., the medial front-orbital gyrus) were anatomi-
cally defined and derived from Individual Brain Atlases
using SPM software (IBASPM) [Alem�an-G�omez et al.,
2006], which was implemented in the WFU PickAtlas
(Wake Forest University, Winston-Salem, NC) [Maldjian
et al., 2004, 2003]. Because the IBASPM atlas does not
include the ROI representing the dmPFC, we manually cre-
ated the anatomical ROI of the dmPFC. Thus, we used the
method reported by Falk et al. [2014] in which the ROI of
the dmPFC was defined as all voxels within Brodmann
areas 8 and 9 intersected with a box-shaped mask centered
at x 5 0, y 5 52, and z 5 50 and extending 40, 44, and
48 mm along the x-, y-, and z-axes, respectively [Falk et al.,
2014]. We used MarsBaR software [Brett et al., 2002] to
extract the signal changes in the ROI analyses. For the per-
centage of signal changes of each ROI, we performed two-
way repeated-measures analysis of variance (ANOVA)
using the face presentation duration (supraliminal and sub-
liminal) and the subject’s preference (preferred and not-pre-
ferred) as factors. In a separate analysis, we also performed
three-way ANOVA for each ROI to examine the interaction
effect among the subject’s preference (preferred or not-pre-
ferred), the gender of the stimuli (same gender or opposite
gender), and the gender of the subjects (male or female).

Whole-Brain Subtraction Analyses

We subsequently performed whole-brain subtraction
analyses to explore the brain regions associated with the
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preference-related valuation of supraliminally and sublimi-
nally presented faces. Contrast images for all subjects were
entered in a series of one-sample t-tests. This procedure
permitted statistical inference at the population level (ran-
dom-effects analysis). The threshold of significance was set
at P< 0.001 at the voxel level (uncorrected for multiple
comparisons), with an extent threshold of 10 contiguous
voxels unless otherwise specified.

RESULTS

Behavioral Data

The mean reaction time during the passive viewing task
was 386 ms (standard deviation [SD] 5 83) for the
supraliminal-preferred condition, 407 ms (SD 5 103) for
the supraliminal-not-preferred condition, 404 ms (SD 5 88)
for the subliminal-preferred condition, and 424 ms
(SD 5 98) for the subliminal-not-preferred condition. The
data were analyzed using two-way repeated-measures
ANOVA with the face presentation duration (supraliminal
and subliminal) and the subject’s preference (preferred
and not-preferred) as factors. The ANOVA identified a sig-
nificant main effect of the face presentation duration
(F[1,27] 5 7.005, P< 0.05). There was no significant main
effect of the subject’s preference (F[1,27] 5 1.782, P 5 0.193),
nor was there an interaction between the two factors
(F[1,27] 5 0.068, P 5 0.797). The percentage of correct
responses in the gender discrimination task was 51.3
(SD 5 0.11), which was not significantly different from
chance (P> 0.05, one-sample t-test).

We subsequently examined whether the characteristics
of the stimuli (emotional valence, arousal, and age) influ-
enced preference judgments using the data from the sepa-
rate group of 14 individuals. Specifically, we classified the
ratings of these characteristics based on the results of a
choice task for the individuals who participated in the
fMRI experiment. For each characteristic of the face stim-
uli, we conducted two-way repeated-measures ANOVA
with the face presentation duration (supraliminal and sub-
liminal) and the subject’s preference (preferred and not-
preferred) as factors. The results for emotional valence
revealed a significant main effect of the subject’s prefer-
ence (F[1,27] 5 272.943, P< 0.001) and a marginally signifi-
cant interaction between the two factors (F[1,27] 5 3.534,
P 5 0.071) but no significant main effect of the face presen-
tation duration (F[1,27] 5 0.993, P 5 0.328). The results for
arousal revealed a significant main effect of preference
(F[1,27] 5 241.411, P< 0.001) but no significant main effect
of the face presentation duration (F[1,27] 5 0.055, P 5

0.817) and no significant interaction (F[1,27] 5 0.561,
P 5 0.460). The results for age revealed a significant main
effect of the subject’s preference (F[1,27] 5 300.758,
P< 0.001) but no significant main effect of face presenta-
tion duration (F[1,27] 5 0.144, P 5 0.707) and no significant
interaction (F[1,27] 5 0.436, P 5 0.515). Taken together,

these results suggest that positive emotion, youthfulness,
and higher arousal of the faces were associated with pref-
erential choices.

ROI Analyses

We first investigated the overall activity patterns of the
VS, vmPFC, and dmPFC for each condition. We performed
two-way repeated-measures ANOVA with the face presen-
tation duration (supraliminal and subliminal) and the sub-
ject’s preference (preferred and not-preferred) as factors
for each anatomical ROI.

The results of ANOVA for the left VS showed significant
main effects of the face presentation duration (F[1,27] 5

19.750, P< 0.001) and the subject’s preference (F[1,27] 5

5.833, P< 0.05) but no significant interaction between the two
factors (F[1,27] 5 2.488, P 5 0.126) (Fig. 2A). Although no sig-
nificant interaction was identified, we conducted planned
t-tests between the supraliminal-preferred and supraliminal-
not-preferred conditions and between the subliminal-
preferred and subliminal-not-preferred conditions. The
signal change in the supraliminal-preferred condition was
significantly greater than in the supraliminal-not-preferred
condition (t[27] 5 2.556, P< 0.05), whereas no significant dif-
ference was observed in the signal changes between the
subliminal-preferred and subliminal-not-preferred condi-
tions (t[27] 5 0.322, P 5 0.750). The results of ANOVA for the
right VS showed significant main effects of the face presenta-
tion duration (F[1,27] 5 8.769, P< 0.01) and the subject’s pref-
erence (F[1,27] 5 6.776, P< 0.05) but no significant interaction
between the two factors (F[1,27] 5 1.852, P 5 0.185) (Fig. 2B).
The planned t-tests showed that the signal change in the
supraliminal-preferred condition was significantly greater
than in the supraliminal-not-preferred condition (t[27] 5

2.553, P< 0.05), whereas no significant difference was found
in the signal change between the subliminal-preferred and
subliminal-not-preferred conditions (t[27] 5 0.783, P 5 0.440).

The results of ANOVA for the left vmPFC showed mar-
ginally significant main effects of the face presentation dura-
tion (F[1,27] 5 3.854, P 5 0.060) and the subject’s preference
(F[1,27] 5 3.497, P 5 0.072) as well as a significant interaction
between the two factors (F[1,27] 5 4.236, P< 0.05) (Fig. 2C).
Post hoc t-tests demonstrated that the signal change in the
supraliminal-preferred condition was greater than that in the
supraliminal-not-preferred condition (t[27] 5 2.567, P< 0.05);
however, no significant difference was found in the signal
changes between the subliminal-preferred and subliminal-
not-preferred conditions (t[27] 5 0.523, P 5 0.605). The results
of ANOVA for the right vmPFC showed a marginally signif-
icant main effect of the subject’s preference (F[1,27] 5 3.384,
P 5 0.077) and a significant interaction between the two fac-
tors (F[1,27] 5 8.225, P< 0.01); however, no significant main
effect of the face presentation duration (F[1,27] 5 1.814,
P 5 0.189) was found (Fig. 2D). Post hoc t-tests demonstrated
that the signal change in the supraliminal-preferred condi-
tion was greater than that in the supraliminal-not-preferred
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condition (t[27] 5 2.892, P< 0.01); however, no significant dif-
ference was found in the signal changes between the
subliminal-preferred and subliminal-not-preferred conditions
(t[27] 5 0.128, P 5 0.899).

The results of ANOVA for the left dmPFC showed no
significant main effects of the face presentation duration
(F[1,27] 5 1.651, P 5 0.210) or the subject’s preference
(F[1,27] 5 2.409, P 5 0.132) and no significant interaction
between the two factors (F[1,27] 5 1.505, P 5 0.231) (Fig.
2E). Although no significant interaction was identified, we
conducted planned t-tests between the supraliminal-
preferred and supraliminal-not-preferred conditions and
between the subliminal-preferred and subliminal-not-
preferred conditions. No significant difference was found

in the signal change between the supraliminal-preferred
and supraliminal-not-preferred conditions (t[27] 5 0.305,
P 5 0.763), whereas the signal change in the subliminal-
preferred condition was greater than the subliminal-not-
preferred condition (t[27] 5 2.406, P< 0.05). The results of
ANOVA for the right dmPFC showed a significant main
effect of the face presentation duration (F[1,27] 5 6.710,
P< 0.05) and a marginally significant main effect of the
subject’s preference (F[1,27] 5 4.131, P 5 0.052); however,
no significant interaction was found between the two fac-
tors (F[1,27] 5 2.823, P 5 0.104) (Fig. 2F). The results of
planned t-test demonstrated that no significant difference
in the signal change between the supraliminal-preferred
and supraliminal-not-preferred conditions (t[27] 5 0.392,

Figure 2.

Percentage of signal change in the VS, vmPFC, and dmPFC for each condition. The error bars

indicate the standard error. The yellow areas represent the anatomically defined ROIs superim-

posed on a standard brain. VS, ventral striatum; vmPFC, ventromedial prefrontal cortex; dmPFC,

dorsomedial prefrontal cortex.
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P 5 0.698), whereas the signal change in the subliminal-
preferred condition was greater than that in the
subliminal-not-preferred condition (t[27] 5 2.774, P< 0.01).

For the ROIs of the VS, vmPFC, and dmPFC, we subse-
quently examined the interaction of the subject’s prefer-
ence, the gender of the stimuli, and the gender of the
subjects. We conducted three-way ANOVAs using the sub-
ject’s preference (preferred or not-preferred) and the gen-
der of the stimuli (same gender or opposite gender) as the
within-subject factors and using the gender of the subjects
(male or female) as the between-subject factor. For the left
and right VS, a significant main effect of the subject’s
preference (F[1,26] 5 5.622, P< 0.05 for the left VS;
F[1,26] 5 6.675, P< 0.05 for the right VS) was identified,

but no significant main effects of the gender of the stimuli
(F[1,26] 5 0.001, P 5 0.976 for the left VS; F[1,26] 5 0.348,
P 5 0.560 for the right VS) or the gender of the subjects
(F[1,26] 5 2.416, P 5 0.132 for the left VS; F[1,26] 5 0.00007,
P 5 0.993 for the right VS) and no significant interactions
were identified (all P-values> 0.1) (Figs. 3A,B). For the left
and right vmPFC, marginally significant main effects of
the subject’s preference (F[1,26] 5 3.371, P 5 0.078 for the
left vmPFC; F[1,26] 5 3.322, P 5 0.080 for the right vmPFC)
and the gender of the stimuli (F[1,26] 5 3.218, P 5 0.084 for
the left vmPFC; F[1,26] 5 3.758, P 5 0.063 for the right
vmPFC) but no significant main effect of the gender of the
subjects (F[1,26] 5 0.060, P 5 0.809 for the left vmPFC;
F[1,26] 5 0.245, P 5 0.624 for the right vmPFC) and no

Figure 3.

Gender differences in the percentage of signal change in the VS,

vmPFC, and dmPFC for the faces of the same gender that the

participants preferred (s-p), the faces of the same gender that

the participants did not prefer (s-np), the faces of the opposite

gender that the participants preferred (o-p), and the faces of the

opposite gender that the participants did not prefer (o-np). The

error bars indicate the standard error. VS, ventral striatum;

vmPFC, ventromedial prefrontal cortex; dmPFC, dorsomedial

prefrontal cortex.
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significant interactions were identified (all P-values >0.1)
(Figs. 3C,D). For the left dmPFC, a significant main effect
of the gender of the stimuli (F[1,26] 5 11.064, P< 0.005)
was found; however, no significant main effects of the sub-
ject’s preference (F[1,26] 5 2.334, P 5 0.139) or the gender
of the subjects (F[1,26] 5 2.514, P 5 0.125) and no signifi-
cant interactions were identified (all P-values> 0.1)
(Fig. 3E). For the right dmPFC, marginally significant
main effects of the subject’s preference (F[1,26] 5 3.991,
P 5 0.056) and the gender of the stimuli (F[1,26] 5 3.861,
P 5 0.060) were identified, but no significant main effect of
the gender of the subjects (F[1,26] 5 2.037, P 5 0.165) and
no interactions were identified (all P-values >0.1) (Fig. 3F).
Thus, our results demonstrated that only the left dmPFC
exhibited greater activity for faces of the same gender
compared with the opposite gender, irrespective of the
gender of the subjects. Because these results were not a
priori hypothesized, we do not discuss these results fur-
ther in the present study.

We then tested for correlations between the signal changes
in the VS and vmPFC for each condition based on the previous
finding that reported functional coupling in these two regions
during valuation tasks [Salimpoor et al., 2013]. For this analy-
sis, we calculated the bilaterally averaged signal changes of
the VS and the vmPFC. Regarding the correlations between
the bilaterally averaged signal changes in the VS and vmPFC,
we identified significant correlations in the supraliminal-
preferred (r 5 0.376, P< 0.05) and supraliminal-not-preferred
(r 5 0.446, P< 0.05) conditions. However, we did not identify
significant correlations in the subliminal-preferred (r 5 0.302,
P 5 0.118) or subliminal-not-preferred (r 5 0.101, P 5 0.609)
conditions. At this stage of the analysis, we examined differen-
ces in the correlations between the supraliminal-preferred
and subliminal-preferred conditions and between the

supraliminal-not-preferred and subliminal-not-preferred con-
ditions. We did not identify a significant difference between
either the supraliminal-preferred and subliminal-preferred
conditions or the supraliminal-not-preferred and subliminal-
not-preferred conditions (all P-values >0.05).

Whole-Brain Subtraction Analyses

The results are summarized in Table I. For the suprali-
minal conditions, we identified significant activations in
the left vmPFC, right VS, and right superior temporal
gyrus when the preferred faces were compared with the
not-preferred faces (Fig. 4A). For the subliminal condi-
tions, we identified significant activations in the bilateral
dmPFC, left ventrolateral prefrontal cortex (vlPFC), and
left dorsolateral prefrontal cortex (dlPFC) when the pre-
ferred faces were compared with the not-preferred faces
(Fig. 4B). No overlapping activations were identified
between the supraliminal and subliminal conditions.

To explicitly identify the voxels in which the effects
were specific to the supraliminal or subliminal conditions,
we conducted two-sample t-tests using the resulting t-
maps from comparing the supraliminal-preferred vs.
supraliminal-not-preferred and the subliminal-preferred
vs. subliminal-not-preferred conditions. When the suprali-
minal condition was compared to the subliminal condition
(P< 0.001 at the voxel level (uncorrected for multiple com-
parisons) with an extent threshold of 10 contiguous vox-
els), we did not identify a significant activation in any
brain region. When the subliminal condition was com-
pared with the supraliminal condition, we identified a sig-
nificant activation only in the left dlPFC (coordinates, 236,
23, 31; Z-value 5 3.42; cluster size 5 11).

TABLE I. Brain regions that exhibited significant activation

Region (Brodmann’s area)

Coordinates

Z-value Cluster sizex y z

Supraliminal condition
Preferred vs. Not-preferred

Left ventromedial prefrontal cortex (11) 218 44 28 4.52 16
Right ventral striatum 6 14 211 4.03 11
Right superior temporal gyrus (38) 51 2 214 3.70 13

Not-preferred vs. Preferred
No significant activation

Subliminal condition
Preferred vs. Not-preferred

Bilateral dorsomedial prefrontal cortex (9) 0 56 37 3.53 15
Left ventrolateral prefrontal cortex (47) 245 32 25 3.99 23
Left dorsolateral prefrontal cortex (46) 236 26 40 3.91 31

Not-preferred vs. Preferred
No significant activation

The threshold of significance was set at P< 0.001 at the voxel level (uncorrected for multiple comparisons) with an extent threshold of
10 contiguous voxels.
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Because the previously described two-sample t-tests
failed to demonstrate significant effects specific to the
supraliminal or subliminal conditions in the hypothesized
regions, we utilized another method to determine whether
the VS and vmPFC were specific to the supraliminal-
preferred condition and whether the dmPFC was specific
to the subliminal-preferred condition. For the signal
changes in the clusters of the right VS, left vmPFC, and
bilateral dmPFC, in which activation was identified in the
whole-brain subtraction analyses (i.e., functional ROIs), we
conducted two-way repeated-measures ANOVA with the
face presentation duration (supraliminal and subliminal)
and the subject’s preference (preferred and not-preferred)
as factors. Here, the critical test is determining whether
the interaction effects are significant. These analyses to
identify interaction effects (not the main effects) are inde-
pendent of the SPM subtraction analyses to determine the
functional ROIs. Our analysis has therefore avoided the
issues of the “double dipping” phenomenon [Kriegeskorte

et al., 2009]. The results of ANOVA showed a significant
interaction between the two factors for the right VS
(F[1,27] 5 10.866, P< 0.01) and the left vmPFC
(F[1,27] 5 8.012, P< 0.01) and a marginally significant
interaction between the two factors for the bilateral
dmPFC (F[1,27] 5 3.485, P 5 0.073). These results suggest
that the brain activations associated with the supraliminal
and subliminal conditions are dissociable.

Group Preference

Based on a previous study by Kim et al. [2007], we per-
formed an additional analysis to assess whether the VS is
associated with the group preference. We first calculated
how often each face was preferred by the 28 subjects using
data from the choice session. Based on the results of the
choice session, we separated the faces into three categories:
(a) preferred-by-group faces, which represented the faces
chosen by 15 or more participants (i.e., chosen by more
than 50% of the subjects); (b) not-preferred-by-group faces,
which represented the faces chosen by 13 or fewer partici-
pants (i.e., chosen by fewer than 50% of the subjects); and
(c) no-preference faces, which represented the faces pre-
ferred by 14 participants (i.e., chosen by exactly 50% of the
subjects). The number of faces in each category was 118
for preferred faces, 118 for not-preferred faces, and 4 for
no-preference faces. We analyzed the brain activity pat-
terns during the passive viewing task by retrospectively
classifying the fMRI data according to the results of the
previously discussed classification. Specifically, we com-
pared the BOLD signals associated with the preferred-by-
group and not-preferred-by-group faces. The events that
corresponded to the no-preference faces were modeled as
events of no interest. We did not identify a significant acti-
vation when the original threshold (P< 0.001 at the voxel
level (uncorrected for multiple comparisons) with an
extent threshold of 10 contiguous voxels) was used. How-
ever, using a lenient threshold (P< 0.005 at the voxel level
(uncorrected for multiple comparisons) with an extent
threshold of 10 contiguous voxels), which was a joint
thresholding procedure that balances the risk of type I and
II errors [Lieberman and Cunningham, 2009], we identified
significant activation in the left VS (coordinates, 224, 8,
211; Z-value 5 3.49; cluster size 5 12) and the right VS
(coordinates, 12, 2, 211; Z-value 5 3.47; cluster size 5 22).

DISCUSSION

We used fMRI and a passive viewing paradigm with
sandwich masking to more clearly identify the neural cor-
relates of the preference-related valuation of supralimi-
nally and subliminally presented faces. The results
demonstrate that the VS and vmPFC are engaged in the
preference-related valuation specifically for supraliminally
presented faces. Moreover, the activities of the VS and
vmPFC were significantly correlated during conditions in

Figure 4.

Results of whole-brain subtraction analyses. (A) The left vmPFC,

right VS, and right superior temporal gyrus exhibited greater

activity for the supraliminally presented faces that the subjects

preferred compared with the supraliminally presented faces that

they did not prefer. (B) The bilateral dmPFC, left vlPFC, and left

dlPFC exhibited greater activity for the subliminally presented

faces that the subjects preferred compared with the subliminally

presented faces that they did not prefer. VS, ventral striatum;

vmPFC, ventromedial prefrontal cortex; dmPFC, dorsomedial

prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; dlPFC,

dorsolateral prefrontal cortex.
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which the faces were presented supraliminally. The results
also demonstrate that the dmPFC may be associated with
the preference-related valuation for subliminally presented
faces. Taken together, these results suggest that dissociable
neural systems are engaged in the preference-related valu-
ation of supraliminally and subliminally presented faces.

ROI analysis of the VS and vmPFC highlighted the
important roles of these areas in the valuation of suprali-
minally presented faces. These areas exhibited significant
activation for the preferred faces compared with the not-
preferred faces only when the faces were supraliminally
presented. Moreover, although preliminary, we identified
significant correlations between the activities of the VS
and vmPFC only when the subjects perceived the identity
of the faces. These results suggest that these two regions
interacted with each other to calculate the facial value sig-
nal when the subjects identified the faces. Consistent with
this idea, in the context of reinforcement learning, a func-
tional coupling between the basal ganglia and the vmPFC
has been reported in strategic choice processes [Wunder-
lich et al., 2012]. A recent neuroimaging study using func-
tional connectivity analysis also identified increased
connectivity between the VS and the vmPFC when sub-
jects heard music that they considered highly desirable
compared with music that they did not want to hear again
[Salimpoor et al., 2013]. Moreover, anatomical studies have
demonstrated that the vmPFC possesses a substantial con-
nection to the VS [Haber et al., 1995; Rigoard et al., 2011].
Dopaminergic neurons may be key to the functional cou-
pling between these two regions.

The VS also exhibited significant activation associated
with the group preference for faces. In a previous study,
Kim et al. [2007] demonstrated that the VS (more precisely,
the nucleus accumbens) activity was better correlated with
preference judgments averaged across the entire subject
group than with individual preference judgments [Kim
et al., 2007]. The authors concluded that the VS activity
reflects a relatively automatic and rapid preference process
that is shared across subjects. Although the present results
are based on a relatively lower threshold (P< 0.005 at the
voxel level (uncorrected for multiple comparisons) with an
extent threshold of 10 contiguous voxels), our results of
the VS activity can be interpreted as a neural correlate of
the preference process shared across participants.

There was no significant activation in the VS for the
subliminal-preferred condition compared with the
subliminal-not-preferred condition. This negative finding
is inconsistent with some previous studies [Oei et al., 2012;
Pessiglione et al., 2008]. One potential explanation for this
inconsistency is the difference in the experimental stimuli
used; the VS might be unable to sufficiently represent the
subliminal facial stimuli values that predict subsequent
preference decisions. Nevertheless, the VS is not necessar-
ily never associated with any process of subconscious
preference-related valuation. Other experimental para-
digms may be better at detecting the role of the VS in the
valuation of subliminally presented targets.

The VS was not identified as a region responsible for
the valuation of subliminal targets. However, the dmPFC
is involved in the preference-related valuation of sublimi-
nally presented faces. In parallel to the present results, Gil-
lath and Canterberry [2012] identified significant dmPFC
activation when sexual stimuli, relative to neutral stimuli,
were subliminally presented; however, the association
between dmPFC activity and the subsequent preference
remained unclear. To the best of our knowledge, our
results are the first to provide direct evidence that dmPFC
activity can predict preference decisions for subliminally
presented faces. Consistent with this idea, the dmPFC is
involved in the preference-related valuation even when a
subject’s attention is diverted from the target stimuli
[Tusche et al., 2010]. Regarding the lack of active process-
ing of target stimuli, this experimental situation was simi-
lar to the present study in which the subjects could not
perceive the identity of the face stimulus.

Our results also demonstrated that the VS activity was
increased for subliminally presented faces compared with
supraliminally presented faces, indicating that the VS is
more sensitive to subliminally presented stimuli than
supraliminally presented stimuli. One potential explana-
tion for this finding is that this main effect reflects an
increased cognitive load, which is indicated by the longer
reaction time in the subliminal condition. The short dura-
tion of stimulus presentation in the subliminal condition
might make rapidly pressing a button more difficult com-
pared with the supraliminal condition. Alternatively, this
effect might reflect the difference in the expected reward
value. Because the subliminally presented faces cannot be
consciously processed, this uncertainty might cause an
excessive expectation of the reward values.

The results of the present study have implications that
might help to explain the previously reported mechanisms of
preference change for supraliminally and subliminally pre-
sented targets. For example, preference can be consciously
modulated using the manipulation of perceptual factors such
as the gaze duration and frequency [Park et al., 2010; Shimojo
et al., 2003; Zajonc, 1968]. Preference change can also be
caused by the manipulation of social factors such as social
norms or the opinions of other individuals [Izuma and
Adolphs, 2013; Zaki et al., 2011]. Because these phenomena
require perceptions of the target and the environment, both
the VS and vmPFC might play key roles in these types of
preference changes. In fact, the activities of the VS and
vmPFC have been modulated by social manipulation [Zaki
et al., 2011]. In contrast, the subliminal mere exposure effect
[Kunst-Wilson and Zajonc, 1980] and subliminal priming
[Karremans et al., 2006] occur even without the subject’s per-
ception of the target; these phenomena may be supported by
the dmPFC. Although we speculate that different neural
mechanisms are involved in the preference changes for
supraliminally and subliminally presented targets, future
studies are required to explore these unanswered questions.

We believe that our methodology successfully avoids
critical issues regarding the subject’s perception of the face
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stimulus. In the gender-discrimination task that followed
the fMRI experiment, the subjects could not distinguish
the gender of the face stimulus. Thus, the dmPFC activity
for subliminally presented faces cannot be attributed to
the subject’s perception of the targets. Additionally,
although a previous psychological study demonstrated
that manipulating the gaze duration (not only exposure
duration) can affect preference formation [Shimojo et al.,
2003], the duration of the subliminal stimulus presentation
in the present study was too short (i.e., 34 ms) to induce
eye movements for the perception of face stimuli. Thus,
the dmPFC activity patterns cannot be attributed to
gazing.

In summary, dissociable neural underpinnings are asso-
ciated with supraliminal and subliminal preference-related
valuation for faces. Three further limitations of the present
study should be considered. First, the interaction effect in
the dmPFC did not reach significance. Accordingly, inter-
pretations of the role of the dmPFC are based on the mar-
ginal effect, and we therefore cannot draw definitive
conclusions regarding the role of the dmPFC in the
preference-related valuation for subliminally presented
faces. Second, the rating scores of emotional valence,
arousal, and age of the faces were associated with the
preference for faces. The present experimental paradigm
thus cannot dissociate the brain activation associated with
preferred faces from that associated with positive emotion,
youthfulness, and higher arousal. Finally, a marginally sig-
nificant interaction of the face presentation duration and
the subject’s preference for emotional valence of the faces
might affect the pattern of fMRI results. We therefore
report the present results with great caution, and further
studies are required to demonstrate whether some or all of
the results can be replicated. Despite these limitations, our
results provide novel insights into how our preference
decisions are affected by both supraliminal and subliminal
processes and their underlying neural mechanisms.
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